Evidence for a gapless Dirac spin-liquid ground state in a spin-3/2
  triangular-lattice antiferromagnet by Liu, Jiabin et al.
Evidence for a gapless Dirac spin-liquid ground state
in a spin-3/2 triangular-lattice antiferromagnet
Jiabin Liu,1, ∗ Benqiong Liu,2, ∗ Long Yuan,1, ∗ Boqiang Li,1 Lei Xie,2 Xiping Chen,2
Hongxia Zhang,3 Daye Xu,3 Wei Tong,4, † Jinchen Wang,3, ‡ and Yuesheng Li1, §
1Wuhan National High Magnetic Field Center and School of Physics,
Huazhong University of Science and Technology, 430074 Wuhan, China
2Key Laboratory of Neutron Physics, Institute of Nuclear Physics and Chemistry, CAEP, Mianyang 621900, China
3Department of Physics and Beijing Key Laboratory of Opto-electronic Functional Materials and Micro-nano Devices,
Renmin University of China, Beijing 100872, P. R. China
4Anhui Province Key Laboratory of Condensed Matter Physics at Extreme Conditions,
High Magnetic Field Laboratory, Chinese Academy of Sciences, Hefei 230031, China
(Dated: October 6, 2020)
We report a comprehensive investigation of the magnetism of the S = 3/2 triangular-lattice antifer-
romagnet, α-CrOOH(D) (delafossites green-grey powder). The nearly Heisenberg antiferromagnetic
Hamiltonian (J1 ∼ 23.5 K) with a weak single-ion anisotropy of |D|/J1 ∼ 4.6% is quantitatively
determined by fitting to the electron spin resonance (ESR) linewidth and susceptibility measured at
high temperatures. The weak single-ion anisotropy interactions, possibly along with other pertur-
bations, e.g. next-nearest-neighbor interactions, suppress the long-range magnetic order and render
the system disordered, as evidenced by both the absence of any clear magnetic reflections in neutron
diffraction and the presence of the dominant paramagnetic ESR signal down to 2 K (∼ 0.04J1S2),
where the magnetic entropy is almost zero. The power-law behavior of specific heat (Cm ∼ T 2.2)
observed below the freezing temperature of Tf = 25 K in α-CrOOH or below Tf = 22 K in α-CrOOD
is insensitive to the external magnetic field, and thus is consistent with the theoretical prediction of
a gapless U (1) Dirac quantum spin liquid (QSL) ground state. At low temperatures, the spectral
weight of the low-energy continuous spin excitations accumulates at the K points of the Brillouin
zone, e.g. |Q| = 4pi/(3a), and the putative Dirac cones are clearly visible. Our work is a first step
towards the understanding of the possible Dirac QSL ground state in this triangular-lattice magnet
with S = 3/2.
I. INTRODUCTION
Periodic order of spins (electronic magnetic moments)
is usually stabilized by the interactions in the peri-
odic crystalline lattice of a magnet at low temperatures.
When geometrical frustration kicks in, not all interac-
tions can be satisfied simultaneously, the periodic spin
order may get suppressed even at zero temperature,
and exotic disordered phases, e.g. quantum spin liq-
uid (QSL), may emerge [1–3]. The prototype of a QSL,
i.e. resonating-valence-bond state, had been proposed
by Anderson on the S = 1/2 triangular-lattice Heisen-
berg antiferromagnetic (THAF) model in 1973 [4]. Since
then, QSL has been arousing great interest in the com-
munity owing to its novel properties, such as quantum
number fractionalization and intrinsic topological order,
which may be intimately related to the understanding of
high-temperature superconductivity and the realizing of
topological quantum computation [5–8].
Although the QSL ground state is not realized in
the ideal S = 1/2 nearest-neighbor (NN) THAF model
as expected [9–11], slight modifications of the ideal
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model, i.e. the inclusion of further-nearest-neighbor
interactions [12–15], multiple-spin exchanges [16, 17],
coupling anisotropy [18], or (and) randomness [19–
21], etc., can give rise to various QSL ground states.
On the experimental side, there exist lots of S =
1/2 triangular-lattice antiferomagnets (TAFs) exhibiting
QSL behaviors, such as κ-(BEDT-TTF)2Cu2(CN)3 [22–
24], EtMe3Sb[Pd(dmit)2]2 [25–28], Ba3CuSb2O9 [29],
and YbMgGaO4 [30–38]. Furthermore, QSLs can also
be stabilized in S = 1 TAFs with some additional inter-
action terms [39–42], which may be well materialized in
NiGa2S4 [43, 44] and Ba3NiSb2O9 [45]. Like the S = 1/2
TAF, the S = 3/2 TAF also has odd number of spin-half
electrons per unit cell, and thus its ground state must
be unconventional as long as the time reversal symme-
try is preserved, i.e. the spin system keeps disordered,
according to the Hastings-Oshikawa-Lieb-Schultz-Mattis
theorem [46–49]. However, the evidence of QSLs in a per-
fect S = 3/2 TAF compound without spin dilution have
been rarely reported so far, despite the recent theoretical
proposal of a Kiteav QSL on the S = 3/2 honeycomb
lattice [50]
In this paper, we perform a thorough investigation
of the frustrated magnetism of the S = 3/2 TAF com-
pound α-CrOOH(D), including specific heat, magnetiza-
tion (susceptibility), X-band & high-field electron spin
resonance (ESR), elastic & inelastic neutron scattering
measurements, as well as the finite-temperature Lanczos
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2diagonalization (FLD) simulation. α-CrOOH(D) has a
well separated and regular triangular lattice of Cr3+ (S
= 3/2) ions with symmetrically forbidden Dzyaloshinsky-
Moriya (DM) interactions and with negligible mag-
netic impurities. Through a combined fit to the high-
temperature ESR linewidth and susceptibility, the nearly
THAF Hamiltonian with a weak single-ion anisotropy
is quantitatively determined. Both the presence of the
main paramagnetic ESR signal and the absence of any
clear magnetic peaks in neutron diffraction at low tem-
peratures indicate the ground state of the spin system
is nearly symmetric, which can be roughly understood
by including of the weak single-ion anisotropy (D/J1 ∼
-4.6%) and (or) other potential perturbations, e.g. next-
nearest-neighbor (NNN) Heisenberg interactions. Below
Tf , the measured power-law temperature dependence of
specific heat, Cm ∼ T 2.2, is well consistent with the the-
oretical prediction of a gapless QSL with Dirac nodes.
Furthermore, the low-energy magnetic continuum of α-
CrOOD accumulates at the K points of the Brillouin
zone, e.g. |Q| = 4pi/(3a), possibly confirming the for-
mation of the gapless Dirac nodes at low temperatures.
II. TECHNICAL DETAILS
Powder samples of α-CrOOH and α-CrOOD were syn-
thesized using the high-temperature (near the critical
temperature of water, 374 oC) hydrothermal technique
at an autogenic pressure of ≤ 20 MPa [51, 52]. A
50 mL stainless steel liner was charged with 15 mmol
Na2CrO4·4H2O (> 99%, Adamas Reagent Co., Ltd), 22.5
mmol CHNaO2 (> 98.5%, Shanghai Titan Scientific Co.,
Ltd), and 10 mL of high-purity H2O (for α-CrOOH) or
D2O (α-CrOOD). The liner was capped and mounted
into a stainless steel pressure vessel. The vessel was
heated to 350 oC at a rate of 1 oC/min, and the tem-
perature was maintained for 20 hours and then cooled
down to room temperature at a rate of -0.5 oC/min. A
green-grey powder (∼ 1.1 g, the yield of ∼ 85%) of α-
CrOOH or α-CrOOD was obtained, and the phase pu-
rity of sample was confirmed by both x-ray and neutron
diffraction measurements (Appendix A). The successful
replacement of H by D was confirmed by the significant
difference of the neutron diffraction spectra owing to the
neutron scattering length difference of H and D [please
compare Fig. 8 (b) to Fig. 3 (a)], and by the change of
the freezing temperature from 25 K in α-CrOOH to 22
K in α-CrOOD [see Fig. 9 (b)] [53, 54].
X-ray powder diffraction measurements were per-
formed using a diffractometer (MiniFlex600, Rigaku).
Direct-current (dc) magnetization and susceptibility of
α-CrOOH and α-CrOOD were measured down to 1.8 K
using powders of ∼ 40 mg, by a magnetic property mea-
surement system (MPMS, Quantum Design, up to 7 T)
and by a physical property measurement system (PPMS,
Quantum Design, up to 14 T). The specific heat (2 ≤ T
≤ 200 K) was measured at 0, 2, and 4 T using a dry-
pressed disk of powder (∼ 4 mg) in a PPMS. N grease
was used to facilitate thermal contact between the sam-
ple and the puck, and the sample coupling was better
than 99%. The specific-heat contributions of the grease
and puck under different applied fields were measured
at first and subtracted from the data. Both steady-high-
field (high-frequency) and X-band ESR measurements (∼
30 mg of α-CrOOH) were performed on the Steady High
Magnetic Field Facilities, Chinese Academy of Sciences.
The high-field ESR data down to 2 K were collected by
sweeping the steady magnetic field from 0 up to 20 T
at selected frequencies of f = 214, 230, and 331.44 GHz.
The X-band (f ∼ 9.4 GHz) ESR measurements were car-
ried out using a Bruker EMX plus 10/12 continuous wave
spectrometer. The measured ESR signals/modes are fit-
ted using the derivative Lorentzian function on a powder
average,
dAbs
µ0dH
= Bck +
16A0ω
3pi
{ 2µ0(H
ab
res −H)
[4µ20(H
ab
res −H)2 + ω2]2
+
µ0(H
c
res −H)
[4µ20(H
c
res −H)2 + ω2]2
}, (1)
where A0 and Bck are the integral intensity and back-
ground, ω is the full width at half maximum (FWHM),
µ0H
ab
res = hf/(µBgab) and µ0H
c
res = hf/(µBgc) are
the resonance fields along the ab plane and c axis, re-
spectively. The neutron diffraction experiments were
conducted with the high-intensity multi-section neutron
powder diffractometer, Fenghuang [55], using powder
samples of ∼ 2.2 g, at China Mianyang Research Reactor
(CMRR). The incident neutron wavelength of 1.5925 A˚
was determined by the monochromator, Ge (5 1 1). The
inelastic neutron scattering (INS) experiment was per-
formed using α-CrOOD of ∼ 6 g on the BOYA multiplex-
ing cold neutron spectrometer stationed at the China Ad-
vanced Research Reactor (CARR). Utilizing the CAMEA
concept [56], BOYA simultaneously probes five fixed final
energies (Ef ) of 3.0 (energy resolution of σ = 0.11 meV),
3.5 (σ = 0.15 meV), 4.0 (σ = 0.18 meV), 4.5 (σ = 0.21
meV) and 5.0 meV (σ = 0.26 meV), and 17–34 scattering
angles spanning 120o in the horizontal plane. Highly ori-
ented pyrolytic graphite (HOPG) crystals were used as
the monochromator as well as the analyzers. Cryogenic
Be filters were applied after the sample to cut off energies
higher than 5 meV.
We carried out the FLD calculations [57, 58] for the
susceptibility [59], specific heat, ESR linewidth, and
static structure factor on the 12-site S = 3/2 TAF
clusters with periodic boundary conditions (PBC) (Ap-
pendix B) [60]. Then, we further performed the combined
fit to the bulk susceptibility and ESR linewidth measured
above 60 K by minimizing the residual,
Rp =
√√√√ 1
N
∑
j
(
Xobsj −Xcalj
σobsj
)2, (2)
where N , Xobsj and σ
obs
j are the number of the data
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FIG. 1. (Color online) (a) Classical phase diagram of the triangular-lattice antiferromagnet calculated by Monte Carlo simulation
in the zero-temperature limit. (b) Crystal structure of α-CrOOH(D). (c) Triangular lattice of Cr3+ ions in the ab plane, with
showing NN O2− ions. The dashed blue lines in (b) and (c) mark the unit cells. (d) Inverse dc susceptibility measured at 3
T. The black line shows the linear fit to the data above 200 K. (e) X-band (f = 9.4 GHz) ESR spectrum measured at 300 K.
The red line shows the fit to the experimental data using the derivative Lorentzian function. The dashed line and horizontal
bar present the fitted resonance field (Lorentzian center, µ0Hres) and linewidth (Lorentzian FWHM, ω), respectively. (f)
Magnetization measured at selected temperatures, with the black line showing the linear fit to the 2 K data above 3 T.
points, the measured value and its standard deviation,
respectively, whereas Xcalj is the calculated value. The
Monte Carlo simulation for the classical ground-state
phase diagram was performed on the 144 (12×12) -
site cluster with PBC, by a gradual decrease of tem-
perature from J1 down to 0.001J1 [see Fig. 1(a)]. The
powder INS spectra were calculated for the ideal S
= 3/2 THAF model by the Spinw-Matlab code based
on the linear spin-wave theory [61] [see Figs. 7(d)-
7(f)]. An average of the results calculated along
10000 random orientations was performed at each |Q|
for S⊥(|Q|,E) with a high signal-to-noise ratio. The
final INS intensities were calculated by a convolu-
tion of the instrumental resolution (Gaussian) function
(FWHM of σ = 0.25 meV) into the spectra, I⊥(|Q|,E)
= |f(|Q|)|2 ∫ S⊥(|Q|,E′) exp[−4 ln 2(E−E′)2/σ2]
σ
√
pi/(4 ln 2)
dE′, where
|f(|Q|)|2 is the magnetic form factor of Cr3+ in the dipole
approximation. The international system of units is used
throughout this paper.
III. QUANTUM SPIN HAMILTONIAN
Both α-CrOOH and α-CrOOD are good insulators
with room-temperature resistance larger than 20 MΩ.
Through Rietveld refinements, both x-ray and neutron
diffraction measurements indicate that the delafossites
structure of the sample with the R3¯m space group main-
tains at least down to 8 K (Appendix A) [62], as reported
in Refs. [51, 52]. The crystal structure of α-CrOOH(D) is
shown in Fig. 1(b), and the stacking pattern of O-H(D)-O
layers is straight, which is similar to that of CuCrO2 or
AgCrO2 [63]. The triangular layers of magnetic Cr
3+
ions are well spatially separated by nonmagnetic lay-
ers [Fig. 1(b)] rendering the interlayer magnetic coupling
weak. The high symmetry of the space group ensures
the triangular lattice regular without spatial anisotropy
[Fig. 1(c)]. The inversion centers of the periodic crys-
talline lattice are located at halfway sites between neigh-
boring Cr3+ ions, and thus the antisymmetric DM inter-
actions are forbidden by the R3¯m space group symmetry
of α-CrOOH(D) [64].
Above ∼ 200 K, the Curie-Weiss behavior of bulk sus-
ceptibility is clearly observed in α-CrOOH [Fig. 1(d)].
The fitted Curie constant (C) indicates an effective mag-
netic moment, gµB
√
S(S + 1) =
√
3kBC/(NAµ0) =
3.861(2) µB . Here, the g factor is measured to be nearly
constant and isotropic above 40 K by ESR, g = 1.97 ∼ 2
[see Eq. (1), Figs. 1(e) and 5(c)], and thus S ∼ 1.52 ∼
3/2 is obtained. The 3d electrons should be localized spa-
tially owing to the poor conductivity, and the spin-orbit
coupling of Cr3+ is weak as evidenced by g ∼ 2. There-
fore, we can expect a nearly Heisenberg Hamitionian for
α-CrOOH(D) at 0 T as proposed in other Cr3+-based
4TAFs of ACrO2 (A = Li, Cu, and Ag) [65, 66],
H = J1
∑
〈jl〉
Sj · Sl +H′
= J1
∑
〈jl〉
Sj · Sl +D
∑
j
(Szj )
2 + J2
∑
〈〈jl′〉〉
Sj · Sl′ , (3)
where both single-ion anisotropy (D) and NNN interac-
tion (J2) terms are much weaker than the NN Heisen-
berg coupling (J1). The fitted Weiss temperature [see
Fig. 1(d)], θcw = -211.6(5) K, roughly measures the dom-
inant antiferromagnetic (AF) coupling by, J1+J2 ∼ -
3θcw/[6S(S+1)] ∼ 28 K. In the classical level, the in-
clusion of very weak D and J2 terms can give rise to four
different kinds of competing ground states [Fig. 1(a)].
Therefore, at low temperatures the strong quantum fluc-
tuations enhanced byH′ (perturbations) of α-CrOOH(D)
may finally suppress the long-range 120o Ne´el order pro-
posed in the ideal S = 3/2 NN THAF model [67] (see
below).
Possibly owing to the absence of the DM interactions
and strong coupling anisotropy, the paramagnetic ESR
linewidth is relatively narrow at 300 K in α-CrOOH,
ω ∼ 0.0616(2) T at f ∼ 9.4 GHz [Fig. 1(e)], which is
about an order of magnitude smaller than those reported
in other QSL candidates, such as ZnCu3(OH)6Cl2 [68]
and YbMgGaO4 [31]. On the other hand, the small fi-
nite value should indicate there exists a weak single-ion
anisotropy (D) in the spin Hamiltonian of α-CrOOH(D)
(see below for the quantitative analysis) [69]. When the
ESR frequency increases to ∼ 22.8 times, the linewidth
is only slightly increased, ω(f2=214 GHz) ∼ 1.7ω(f1=9.4
GHz) [see Fig. 2(b)], suggesting the g-factor randomness
or anisotropy is tiny, ∆g ∼ µBg2[ω(f2)-ω(f1)]/(hf2-hf1)
∼ 0.006g. The contribution of ∆g to the ESR linewidth
(Zeeman contribution) is minimized at f ∼ 9.4 GHz, ω∆
= ∆ghf/(µBg
2) ∼ 2 mT  ω, and thus we can safely
use the high-temperature X-band ESR linewidth to de-
termine the single-ion anisotropy (see below).
The spin system of α-CrOOH(D) is only weakly and
almost linearly polarized in an applied magnetic field up
to 14 T down to 2 K, M < 5%Msa, confirming the strong
AF coupling [Fig. 1(f)], where Msa = gS µB/Cr is the
saturation magnetization. Because a high magnetic field
of µ0H1/3 ∼ 3J1S/(gµB) ∼ 90 T is required to stabilize
the 1/3 magnetization plateau, and the linear field depen-
dence of magnetization is expected well below µ0H1/3,
according to the numerical result reported in the ideal
Heisenberg case [67]. Through a linear fit to the magne-
tization above 3 T [Fig. 1(f)], the concentration of mag-
netic moments of the impurities, Mim ≤ 0.2%Msa, is
obtained from the intercept, and is much smaller than
that of many other frustrated magnets, e.g. 7.7% in
ZnCu3(OH)6Cl2 [70]. Furthermore, in α-CrOOH(D) the
magnetic moments of the impurities can be fully satu-
rated at a low field of ∼ 1 T in the entire measured tem-
perature range [see Fig. 9(c)] [71].
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FIG. 2. (Color online) Combined FLD fits to the temperature
dependence of susceptibility (a) and X-band (f = 9.4 GHz)
ESR linewidth (b) measured on α-CrOOH above 60 K, using
the 12-site cluster with PBC. The dashed olive line in (a)
represents the Curie-Weiss fit above 200 K. The high-field
ESR linewidth measured at f = 214 GHz is shown in (b)
for comparison. The freezing temperature of Tf = 25 K is
marked by the dashed gray line in both (a) and (b).
IV. FIT TO ESR LINEWIDTH AND
SUSCEPTIBILITY
High-temperature ESR linewidth is highly sensitive to
the magnetic anisotropy of spin systems, and thus has
been widely used in quantitative determination of the
spin Hamiltonian parameters [31, 68, 69]. At kBT 
gµBµ0H, the ESR linewidth is given by [69],
ω =
√
2pi
gµB
√
M32
M4
, (4)
where M2 = 〈[H′,M+][M−,H′]〉/〈M+M−〉 and M4 =
〈[H, [H′,M+]][H, [H′,M−]]〉/〈M+M−〉 are the second
and fourth moments, respectively, 〈〉 represents a ther-
mal average, and M± ≡ ΣjS±j ≡ ΣjSxj ± iSyj . Therefore,
the perturbation terms in the Hamiltonian that don’t
commute with M± can contribute to the observed ESR
linewidth, and we list below various origins commonly
considered in the literature.
First, the hyperfine interactions broaden the ESR sig-
nal with ωh ∼ |Ah|2/(gµBJ1) < 0.3 µT, where |Ah| <
60 MHz is the hyperfine coupling of 53Cr3+ (abundance
of 9.55%) [72]. The dipole-dipole interactions also con-
tribute to the linewidth with ωd ∼ |Ed|2/(gµBJ1) ∼
0.2 mT, where |Ed| ∼ µ0g2µ2B/(4pia3) ∼ 1.9 GHz with
5the lattice parameter of a = 2.98 A˚. There is only one
Wyckoff position for Cr3+ ions, and thus the almost uni-
form Zeeman interactions should not significantly con-
tribute to the X-band ESR linewidth (ω∆ ∼ 2 mT, see
above). All of the above contributions together account
for a linewidth that is more than one order of magnitude
smaller than the observed value (≥ 0.06 T).
On the other hand, the single-ion anisotropy (D) terms
in Eq. (3) don’t commute with M±, and can give rise to
the X-band ESR broadening. At kBT  J1S2, 〈〉 → tr()
is expected in Eq. (4), and we obtain the ESR linewidth
caused by D (J2 = 0 is fixed) as,
ω(T →∞) =
√
2pi
gµB
√
2.43D4
108J21 + 9.6D
2
. (5)
Taking J1 ∼ 28 K and ω(300 K) ∼ 0.06 T (see above),
we reach a rough estimation of |D| ∼ 1.6 K.
Below ∼ 150 K, the measured susceptibility obviously
deviates from the Curie-Weiss behavior [see Fig. 2(a)]
and the X-band ESR linewidth clearly depends on tem-
perature [see Fig. 2(b)], indicating the formation of low-T
AF correlations. Therefore, we perform many-body cal-
culations to better simulate these finite-temperature ob-
servables, and to determine the Hamiltonian parameters
more precisely. The sample difference of thermodynamic
property between α-CrOOH and α-CrOOD gets signifi-
cant below ∼ 60 K [see Figs. 9(a) and 9(b)], and thus we
apply the FLD calculation [57, 58] to fit the observables
only above 60 K, where the size (12 sites) effect of FLD
is also negligible (Appendix B). First of all, we perform
a combined fit to both susceptibility and X-band ESR
linewidth above 60 K by fixing J2 = 0 [Fig. 2], and ob-
tain J1 = 23.5 K and D = 1.08 K with the least-Rp =
9.7. In the easy-axis region (D < 0), we find another
minimum-Rp point in the parameter space, J1 = 23.6 K
and D = -1.08 K with Rp = 9.9. Furthermore, we also
try to determine J2. Unfortunately, the quality of the fit
is not significantly improved with a non-zero J2, as both
susceptibility and ESR linewidth [73] are insensitive to
J2 above 60 K.
V. ABSENCE OF LONG-RANGE SPIN ORDER
We do observe a weak anomaly (kink) in heat capac-
ity at Tf = 25 K for α-CrOOH or at Tf = 22 K for
α-CrOOD [Fig. 9(b)], as reported previously [53, 54].
While, the absence of long-range magnetic order in α-
CrOOH(D) is evidenced by the following experimental
observations. (i) No convincing magnetic reflection in
neutron diffraction is observed at 8 K, as there is no ob-
vious difference between the neutron diffraction patterns
measured at 8 and 50 K [see Figs. 3(a) and 8(b)]. For
α-CrOOH, the upper bound of the static structure factor
at |QK | = 4pi/(3a) is roughly estimated as, 〈|I(8 K)-I(50
K)|〉/[6×(5.4 fm)2Sph|f(|QK |)|2] < 0.2 per Cr [60], that
is much smaller than the numerical result reported for
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FIG. 3. (Color online) (a) Neutron powder diffraction pat-
terns of α-CrOOH measured at 8 K [I(8 K)] and 50 K [I(50
K)] with the green line showing the difference, I(8 K)-I(50 K).
The nuclear reflections are marked by the dashed lines. (b)
Temperature dependence of static structure factor at the K
(solid) and M (dashed) points calculated by the 12-site FLD
using different sets of Hamiltonian parameters (J1 = 23.5 K).
The inset shows Brillouin zone boundaries, with the wave vec-
tors of the three-sublattice (K) and stripe (M) orders marked
by black squares and gray dots, respectively.
the 120o Ne´el order, M2sub/2 ∼ 0.75 per site, on the ideal
S = 3/2 NN THAF model [67]. Here, Sph = In/(2|Fn|2)
∼ 11.9 fm−2Cr is the scale factor with In = 2160(140)
and |Fn|2 = 91 fm2/Cr presenting the observed inten-
sity and calculated structure factor of the (0 0 3) nuclear
reflection [see Fig. 3(a)], respectively, and 〈|I(8 K)-I(50
K)|〉 < 300. In contrast, clear magnetic reflections or
humps in the neutron powder diffraction patterns were
observed in CuCrO2, AgCrO2, Cu0.85Ag0.15CrO2, and
CuCr1−yAlyO2 (0 < y ≤ 0.2) around their n|QK | (n = 1,
2, ...) at low temperatures [66, 74, 75]. Our observation
is also obviously different from that reported in NiGa2S4,
where the strongest magnetic peak appears at |Q| of ( 16
1
6 0) [43] and the antiferro nematic order may form at
low temperatures [76]. (ii) The broad paramagnetic ESR
signal with dominant integral intensity maintains clearly
visible down to 2 K [see Fig. 4]. (iii) The spin excitations
of α-CrOOD measured by INS keep continuous down to
3.5 K, whereas the dispersion of the 120o Ne´el order gets
very sharp in the powder spectra calculated using the
ideal THAF model at low temperatures (see Fig. 7). (iv)
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FIG. 4. (Color online) (a) High-field ESR spectra (divided
by temperature) of α-CrOOH measured with f = 214 GHz
at various temperatures. Three different resonance modes
observed below Tf = 25 K are marked by A, B, and PM,
respectively. The inset shows the frequency dependence of
resonance fields of three modes measured at 2 K. The open
and solid scatters represent the resonance fields along the ab
plane and c axis, respectively, with the dashed and solid lines
showing the corresponding linear fits. (b) ESR signals mea-
sured with selected frequencies at 2 K. The field shifts of the
additional modes (A and B) are marked by arrows. The first
derivative absorption spectra are vertically shifted for a better
view in both (a) and (b).
No sharp λ peak is observed in the specific heat of α-
CrOOH or α-CrOOD at Tf [see Fig. 9 (b)]. In sharp
contrast, the temperature dependence of specific heat of
CuCrO2 shows a sharp λ peak at the Ne´el temperature,
TN ∼ 25.8 K [77].
The single-ion easy-axis anisotropy, D < 0, in
Eq. (3), makes it energetically favourable for the spins
to align along the c axis, and thus can induce frustra-
tion/competition to the 120o Ne´el order. Compared to
the ideal S = 3/2 NN THAF model, the inclusion of the
easy-axis anisotropy of D/J1 = -4.6% can significantly
suppress the 120o Ne´el order, as evidenced by the de-
crease of the calculated static structure factor at the K
points [see Fig. 3(b)]. Similarly, a small NNN Heisen-
berg AF coupling, J2/J1 ∼ 1/8, can further frustrate
the three-sublattice magnetic structure at low tempera-
tures [see Fig. 3(b)] [12–15]. Therefore, we argue that the
single-ion anisotropy and (or) NNN interactions play an
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FIG. 5. (Color online) Temperature dependence of ESR (a)
integral intensity, (b) linewidth, and (c) resonance field of
three modes measured at f = 214 GHz on α-CrOOH. The
bulk susceptibility is shown in (a) for comparison. The freez-
ing temperature of Tf = 25 K is marked by the dashed gray
line. In (c), the open and solid scatters show the resonance
fields along the ab plane and c axis, respectively.
important role to stabilize the possible QSL ground state
in α-CrOOH(D) [see Fig. 1(a)]. Moreover, we also no-
tice that the measured thermodynamic data of α-CrOOD
slightly deviates from that of α-CrOOH below ∼ 60 K
[see Figs. 9(a) and 9(b)]. The replacement of H by heav-
ier D should mainly adjust the lattice vibrations, and
thus may also slightly modify the low-temperature mag-
netism of the system through spin-lattice couplings.
VI. HIGH-FIELD MAGNETIC RESONANCE
High-field and high-frequency magnetic resonance
technique is very powerful in separating magnetic res-
onating signals with different origins. Beside the broad
paramagnetic signal (PM), two narrow additional modes
(A and B) are observed below Tf = 25 K in α-CrOOH
at f = 214 GHz [see Fig. 4(a)]. To investigate the origin
of these additional ESR signals, we performed more ESR
measurements at higher frequencies and 2 K, and pre-
sented them together after dividing the sweeping field
by the frequency [see Fig. 4(b)]. In contrast to the
broad paramagnetic mode, both additional ESR signals
of µ0Hres/f obviously shift to higher fields with increas-
7TABLE I. Anisotropy fields (unit: T) and effective g factors
obtained by linear fits to the magnetic resonance fields mea-
sured at 2 K [inset of Fig. 4(a)].
m,η A,ab A,c B,ab B,c PM,ab PM,c
µ0H
a
m,η 1.17(5) 0.86(3) 2.46(3) 2.5(1) 0 0
gm,η 3.55(3) 3.68(2) 1.938(6) 1.92(2) 2.082(4) 2.054(4)
ing the frequency, thus precluding the paramagnetic ori-
gin. The frequency dependence of the resonance fields
of both modes is almost linear [see inset of Fig. 4(a)],
and can be described empirically using the linear (Kit-
tel) equation [78],
hf = gm,ηµBµ0(H
η
res +H
a
m,η), (6)
where gm,η is the effective g factor, µ0H
a
m,η is the
anisotropy field, m = A, B, PM and η = ab, c are
the mode and orientation indexes, respectively. The
fitted gm,η and µ0H
a
m,η are summarized in Table I.
The fitted non-zero anisotropy fields of both A and B
modes correspond to very weak correlation energies of ∼
gm,ηµBµ0H
a
m,η ∼ 0.1J1, in the framework of spin-wave
theory [78]. Moreover, the integral intensities of both
A and B modes are only about an order of magnitude
smaller than that of the main PM mode [see Fig. 5(a)].
The above observations suggest that a small amount (∼
10%) of electronic spins freezes into some kind of very
weak (ferromagnetic or antiferromagnetic) order, while
the majority remains dynamic below Tf in α-CrOOH.
The ESR intensity of the PM mode is proportional
to the imaginary part of the dynamic susceptibility,
χ”(Q→0, E), and roughly follows the bulk susceptibility
above Tf ∼ 25 K [see Fig. 5(a)]. While, below ∼ Tf the
paramagnetic intensity obviously deviates from the bulk
susceptibility, and is quickly suppressed to a very small
constant, χPM0 ∼ 0.006(1) cm3/mol, possibly suggesting
the formation of a spinon Fermi pocket in the resonance
field of ∼ 7.5 T > kBT/µB [79], where T ∼ 2 K (see
below). In contrast, the dc bulk susceptibility is static
including the contributions from all three modes, and
reaches to a much larger constant in the zero-temperature
limit, χbulk0 ∼ 0.08 cm3/mol [see Fig. 9(a)]. Around Tf ,
the ESR linewidths of all three modes take maximum val-
ues [Fig. 5(b)], possibly suggesting the starting of long-
range spin-spin entanglements or intrinsic topological or-
ders in the spin system of α-CrOOH. Moreover, below
∼ Tf a tiny anisotropy of the resonance fields develops
[Fig. 5(c)], and the paramagnetic resonance fields weakly
decrease, corresponding to an increase of the g factors
from gab ∼ gc ∼ 1.97 (above Tf ) to gab ∼ 2.08 and gc ∼
2.05 (below Tf ).
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FIG. 6. (Color online) (a) Temperature dependence of spe-
cific heat measured on α-CrOOH at 0, 2, and 4 T, respectively.
The green line presents the lattice contribution. (b) Temper-
ature dependence of magnetic heat capacity. The black and
blue lines show the magnetic contributions calculated using
two different sets of parameters (see main text). The inset
presents the magnetic entropy obtained by integrating Cm/T
from T = 2 K. The power-law behaviors of specific heat are
shown by red lines below Tf = 25 K in both (a) and (b).
VII. POWER-LAW BEHAVIOR OF SPECIFIC
HEAT
Above ∼ 60 K, the magnetic specific heat of α-CrOOH
can be precisely calculated using the TAF model with the
fitted parameters of J1 ∼ 23.5 K and |D| ∼ 1.08 K (J2 =
0), which has successfully simulated the measured bulk
susceptibility and ESR linewidth (see Fig. 2). There-
fore, at first we obtain the precise lattice specific heat of
α-CrOOH by subtracting the calculated magnetic con-
tribution [the black and blue lines in Fig. 6(b)] from the
total measured specific heat, above 60 K [see Fig. 9(d)].
Then, we get the precise Debye-Einstein specific heat in
the entire temperature range by fitting to the above lat-
tice specific heat between 60 and 200 K [see Appendix A].
After subtracting the Debye-Einstein part [the green line
in Fig. 6(a)], we obtain the magnetic specific heat, Cm,
and then the magnetic entropy (Sm) by a integral [see
Fig. 6(b)]. From 2 to 200 K, the increase of the magnetic
entropy, ∆Sm = 1.004(12)Rln4 ∼ Rln(2S+1), precisely
obeys the third law of thermodynamics, and justifies the
above data processing. Below 10 K, the temperature de-
pendence of magnetic entropy flattens out with Sm ≤
3.5%Rln4, suggesting the ground-state property of the
spin system is nearly approached.
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FIG. 7. (Color online) INS spectra measured on the powder of α-CrOOD at (a) 40, (b) 20, and (c) 3.5 K, respectively. Powder
spectra of the spin-wave excitations calculated for the ideal S = 3/2 THAF model with J1 = 2.1 meV at (d) 20 and (e) 3.5 K,
respectively, based on the linear spin-wave theory. The arrows present the momentums at the K points, |Q| = 4pi/(3a), where
the Dirac cones [roughly marked by the dashed lines in (c)] emerge. (f) Energy dependence of the INS intensities integrated
over the momentum space, 1 ≤ |Q| ≤ 2.2 A˚−1. The blue and red lines present the linear fits to the data [I(3.5K)-I(40K)] at
0.6 ≤ E ≤ 4.2 meV and 4.2 ≤ E ≤ 7.2 meV, respectively, and the black line shows the calculated spin-wave dependence at 3.5
K for comparison.
Below Tf , the magnetic specific heat of α-CrOOH
shows a power-law temperature dependence, Cm ∼ βT γ ,
with γ = 2.27(1) and β = 0.0055(1) JK−1−γmol−1 [see
Fig. 6(b)]. This power-law behavior is further confirmed
by the direct analysis on the total specific heat (Cp)
measured on both α-CrOOH and α-CrOOD under vari-
ous applied magnetic fields, as the lattice contribution is
more than one order of magnitude smaller than Cp be-
low Tf [see Fig. 6(a)]. In α-CrOOD, the similar power-
law temperature dependence of Cp is observed as well,
with γ = 2.166(2) and β = 0.00845(4) JK−1−γmol−1
[see Fig. 9(b)]. Therefore, we perform an average, and
get Cm ∼ 0.007T 2.2 JK−1mol−1 for α-CrOOH(D). Sim-
ilar to NiGa2S4 [43], a very low sensitivity of specific
heat to the external magnetic field is observed in both α-
CrOOD (Fig. 6) and α-CrOOH [Fig. 9(b)], which is well
consistent with the nearly linear field dependence of mag-
netization (M) and thus the nearly field-independent sus-
ceptibility (dM/dH) measured up to 14 T [see Fig. 1(f)].
This effect is a very strong signature of the presence of
nonmagnetic singlet-like [80] excitations and should not
be expected in a conventional Ne´el-ordered or spin-glass
system [81]. The above observations consistently verify
the intrinsic power-law behavior of specific heat in the
spin-3/2 system of α-CrOOH(D).
VIII. GAPLESS DIRAC CONES
The low-energy-transfer INS measurements were per-
formed both above and below the freezing temperature
of Tf = 22 K for α-CrOOD, and a continuum of the ex-
citations broadly distributed in both momentum (|Q|)
and energy (E) space is clearly visible [see Figs. 7(a)-
7(c)]. The spectral weight of the continuum is mainly
distributed at low momenta, thus largely excluding the
phonon origin of the excitations [82]. The continuum cen-
tered around |Q| = 4pi/(3a) becomes well cone-shaped
below Tf = 22 K [see Fig. 7(c)] [83], and should be re-
lated to the putative Dirac nodes of the gapless U (1)
9QSL at the K points of the Brillouin zone [see inset
of Fig. 3(b)] [15]. Recently, the very similar spectral
weight accumulating of the low-energy continuum at the
K points was also reported on the S = 1/2 TAF pow-
der of NaYbO2 with strong spin-orbit couplings [84]. At
low temperatures, the calculated spin-wave excitations
of the 120o Ne´el order on the ideal S = 3/2 THAF
model show very sharp dispersion, as well as strong elas-
tic Bragg peaks with a direct band gap [36] of ∼ 3J1 at
|Q| = 4pi/(3a), 8pi/(3a), etc. [see Figs. 7(e) and 7(f)],
and thus obviously can’t account for the excitation con-
tinuum observed in α-CrOOD. The difference of the INS
intensities [I(3.5K)-I(40K)] roughly measuring the den-
sity of states shows nearly linear energy dependence at
3.5 K [see Fig. 7(f)], possibly further confirming the for-
mation of the well-defined Dirac cones at the K points in
α-CrOOD [85, 86].
IX. GROUND STATE AND DISCUSSION
Although the reports of spin liquids in a S = 3/2 TAF
system are rare, the possibility of the formation of a gap-
less U (1) Dirac spin-liquid ground state in the S = 1/2
or 1 system on triangular or kagome lattice has been ex-
tensively studied theoretically [15, 39, 79, 81, 85, 87–89].
Owing to the ideal Dirac nodes, the power-law behavior
of specific heat, Cm ∝ T 2, is expected, and our obser-
vation of Cm ∝ T 2.2 in α-CrOOH(D) (Fig. 6) is well
consistent with this prediction. On the other hand, the
ideal Dirac QSL is also predicted to give rise to a lin-
ear temperature dependence of susceptibility at 0 T [39],
which seems in contrast to that of the paramagnetic
ESR intensity observed in α-CrOOH at low tempera-
tures [Fig. 5(a)]. In the presence of various perturbations
in the real material of α-CrOOH, the ESR intensity in-
deed decreases by about an order of magnitude from Tf
= 25 K down to 2 K, which may be not far away from
the predicted linear behavior in the ideal case at 0 T.
On the other hand, the PM mode is measured in a fi-
nite (resonance) magnetic field of ∼ 7.5 T, the putative
spinons will form a Fermi pocket with a radius propor-
tional to the field strength [79], and thus the small finite
constant of the ESR intensity observed at low tempera-
tures [Fig. 5(a)] is well understandable in this framework.
Moreover, the recent numerical result of Cm ∝ T 2 and
χ ∼ constant reported in the gapless algebraic paramag-
netic liquid [89] may provide another possible resolution
to this contradiction. The signature of the Dirac cones
observed at the K points in the low-energy continuum of
α-CrOOD [see Fig. 7(c)] further verifies the above expla-
nation.
The finite spin susceptibility and power-law behav-
ior of specific heat observed at low temperatures in α-
CrOOH(D) may be explained by other gapless spin-liquid
ground states, e.g. the spin nematic phase, previously
proposed to understand the frustrated magnetism of the
S = 1 triangular magnet, NiGa2S4 [43, 76, 90]. While,
the biqudratic interactions that are generally present in
spin-1 magnets and favor nematic ordering may be ab-
sent or tiny in the S = 3/2 magnet of α-CrOOH(D).
Furthermore, the absence of any convincing magnetic re-
flections in neutron diffraction of α-CrOOH(D) seems to
speak against this antiferro nematic order with a three-
sublattice structure [76].
X. CONCLUSIONS
We study the frustrated magnetism of the S = 3/2
TAF α-CrOOH(D) (delafossites green-grey powder), by
neutron scattering, ESR, and thermodynamic measure-
ments. The nearly Heisenberg Hamiltonian with a weak
single-ion anisotropy (J1 ∼ 23.5 K and |D|/J1 ∼ 4.6%)
is quantitatively determined by fitting to the temper-
ature dependence of ESR linewidth and bulk suscep-
tibility measured above 60 K. Owing to the single-ion
anisotropy and (or) other perturbations, the spin system
of α-CrOOH(D) keeps disordered with clear paramag-
netic resonance signal down to 2 K (∼ 0.04J1S2), where
the magnetic entropy is almost zero. The power-law tem-
perature dependence of specific heat observed below Tf
is insensitive to the external magnetic field, consistent
with the theoretical prediction of a gapless QSL ground
state with Dirac nodes. This is further confirmed by the
significantly suppressing of the paramagnetic resonance
signal and by the direct observation of the signature of
the Dirac nodes at the K points of the Brillouin zone,
below ∼ Tf . Our work may shed new light on the search
for QSLs in frustrated systems with S = 3/2.
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APPENDIX
Appendix A: Sample characterization.
The powders of α-CrOOH and α-CrOOD are shown
in Fig. 8 (a). Both x-ray and neutron powder diffrac-
tion measurements preclude there exist any significant
impurity phases (< 5%) or structure transitions, as no
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(a) 
(b) 
FIG. 8. (Color online) (a) X-ray powder diffraction measured
at 300 K and Rietveld refinement for α-CrOOH. The insets
show the green-grey powders of α-CrOOH and α-CrOOD. (b)
Neutron diffraction spectra of α-CrOOD measured at 8 K [I(8
K)] and 50 K [I(50 K)], respectively. The green line shows the
difference [I(8 K)-I(50 K)], and the dashed grey lines present
the nuclear reflections.
additional peak is observed at least down to 8 K in α-
CrOOH(D) (see Fig. 8). The results of the structure
refinements are summarized in Table II. The sample dif-
ference of thermodynamic property between α-CrOOH
and α-CrOOD is neglectable above ∼ 60 K, but becomes
significant below ∼ 60 K. While, the overall tempera-
ture dependence behaviors are still largely identical [see
Fig. 9(a) and 9(b)]. Below Tf , the specific heat of α-
CrOOD also shows a power-law temperature dependence
(see main text), which is insensitive to the applied mag-
netic field up to 4 T [see Fig. 9(b)]. The freezing tem-
peratures of both α-CrOOH and α-CrOOD detected by
specific heat are consistent with those reported previ-
ously [53, 54]. No obvious magnetic hysteresis is observed
down to 1.9 K [see Fig. 9(c)], the weak kink observed at
low magnetic fields of < 1 T in the whole temperature
range is caused by the tiny magnetic impurity of ≤ 0.2%
from the stainless steel liner.
The lattice specific heat (unit: JK−1mol−1) above∼ 60
K is obtained by subtracting the calculated magnetic con-
tribution (Ctheor.m ) from the total measured specific heat
for α-CrOOH [Fig. 9(d)]. Each CrO2H has 3 acoustic
TABLE II. Rietveld refinements for α-CrOOH with the de-
lafossites structure (space group: R3¯m). Here, Oc represents
the occupancy fraction, Cr-Crintra and Cr-Crinter are the in-
tralayer and interlayer distances of Cr-Cr, respectively.
300 K (x-ray) 50 K (neutron) 8 K (neutron)
a (A˚) 2.9814(2) 2.9758(3) 2.9739(3)
c (A˚) 13.4122(8) 13.409(3) 13.413(3)
z(O) 0.40803(7) 0.4060(2) 0.4060(2)
z(H) (Oc: 0.5) 0.506 (fixed) 0.5001(3) 0.5001(3)
Rp (%) 4.22 2.65 2.73
Cr-O (A˚) 1.991 1.975 1.974
∠CrOCr (o) 96.92 97.75 97.74
Cr-Crintra (A˚) 2.9814 2.9758 2.9739
Cr-Crinter (A˚) 4.791 4.789 4.789
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FIG. 9. (Color online) Temperature dependence of (a) bulk
susceptibility measured at 3 T and (b) specific heat measured
at selected fields on α-CrOOD together with the correspond-
ing data measured on α-CrOOH. The freezing temperatures
of α-CrOOD (22 K) and α-CrOOH (25 K) are marked. (c)
Complete magnetization loops measured at selected temper-
atures for α-CrOOH. (d) Lattice specific heat of α-CrOOH
obtained by subtracting the calculated magnetic contribution
(Ctheor.m , see main text) from the measured (total) specific
heat [see (b)]. The green line shows the least-Rp fit above 60
K using the combination of the Debye and Einstein functions
[Eq. (A1)], and three fitted parameters are given.
and 9 optical modes, and thus we use the similar Debye-
Einstein function as reported in Ref. [53] approximately,
Cla =
9RT 3
Θ3D
∫ ΘD
T
0
ξ4eξ
(eξ − 1)2 dξ
+
3RΘ2E1
T 2
e
ΘE1
T
(e
ΘE1
T − 1)2
+
6RΘ2E2
T 2
e
ΘE2
T
(e
ΘE2
T − 1)2
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FIG. 10. (Color online) Temperature dependence of (a) sus-
ceptibility and (b) specific heat calculated by Lanczos diag-
onalization and full ED techniques, based on the same S =
3/2 9-site cluster with PBC and with the NN AF Heisenberg
coupling of J . (c) Temperature dependence of susceptibil-
ity calculated by applying the 12-(solid) and 9-site (dashed)
Lanczos diagonalization with the same set of easy-axis pa-
rameters, J1 = 23 K, D = -1.1 K, and J2 = -2.3 K. The inset
shows the 12-site cluster (solid) with PBC used in the FLD
calculations.
where ΘD, ΘE1, and ΘE2 are three fitting parameters
(see below). By fitting to the lattice specific heat, we
obtain ΘD = 397(1) K, ΘE1 = 1507(50) K, and ΘE2 =
690(4) K, with the least-Rp = 0.18 [please see Eq. (2) for
the definition of Rp]. With all three precisely fitted pa-
rameters at hand, we further calculate (extrapolate) the
Debye-Einstein lattice specific heat using Eq. (A1) in the
entire temperature range below ∼ 200 K [see Fig. 9(d)].
Appendix B: Quantum many-body simulation.
To check the precision of our FLD calculations for the
S = 3/2 TAF model, we first performed the full exact
diagonalization (ED) calculation on the N0 = 3×3 = 9
-site cluster with PBC [60] in the ideal Heisenberg case
(J1 = J , D = 0, and J2 = 0). The dimension of the
Hilbert space is given by Nst = 4
N0 = 262144, and the
Hamiltonian matrix is too large for us to diagonalize di-
rectly. As Mz ≡ ΣjSzj (eigenvalue: mz) and the six-fold
rotational symmetry operation (Cz6 ) commute with the
THAF Hamiltonian, we can divide the large Hamilto-
nian matrix into smaller ones with the maximum size
of 5086×5086, through similarity transformations. After
one-by-one diagonalizing these small Hamiltonian matri-
ces, we obtain all of the eigenenergies, {Emz,j}, with mz
= -N0S, -N0S+1, ..., N0S, at 0 T. Therefore, the parti-
tion function in a magnetic field of µ0H
z applied along
the c axis is given by,
Z(T, µ0H
z) =
N0S∑
mz=−N0S
∑
j
e
−Emz,j−µ0H
zµBgm
z
kBT . (B1)
We further calculate the spin susceptibility [black line in
Fig. 10(a)] and heat capacity [black line in Fig. 10(b)] by,
χ‖ =
RT
µ0N0
∂2 lnZ(T, µ0H
z)
(∂Hz)2
|Hz=0, (B2)
Cm =
R
N0T 2
∂2 lnZ(T, µ0H
z = 0)
(∂ 1T )
2
. (B3)
The full ED method requires extremely large CPU
time, ∝ N3st, and memory, ∝ N2st, when the cluster size
increases to N0 = 12. Therefore, we choose to apply
the FLD method to calculate the physical quantities us-
ing the Lanczos steps up to ML = 40 with the error of
O(1/TML+1) , as reported in Ref. [58]. First of all, we
calculate the spin susceptibility and heat capacity of the
ideal S = 3/2 THAF model using FLD method on the
same 9-site cluster as ED, that are almost overlapped by
the full ED results [see Figs. 10(a) and 10(b)]. Then, we
perform the FLD calculations on the 12-site cluster with
PBC [see inset of Fig. 10(c)] using the same ML = 40,
and no significant size effect is observed above ∼ 60 K
[see Fig. 10(c)]. At each temperature, we first calculate
the static magnetic moments at each site, 〈Sj〉, and then
obtain the static structure factors [see Fig. 3(b)] as,
|Fm|2(Q) ∝ 1
N20
∑
j
〈Sj〉eiQ·rj ·
∑
j′
〈Sj′〉e−iQ·rj′ , (B4)
where rj is the position vector of the jth site on the
triangular lattice.
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